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Abstract — We  have  demonstrated  the  ability  to  selectively 
modify  the  mode  structure  of  a  multimoded  photonic  crystal 
laser  cavity,  based  on  the  detailed  knowledge  of  resonant  modes 
in  a  suspended  membrane  D3  microcavity.  We  have  designed  a 
microcavity  in  which  the  margins  between  the  highest  Q  mode 
and  the  next  highest  Q  modes  have  been  increased.  This  modified 
cavity  has  been  shown  to  have  an  improved  sidemode  suppression 
ratio  under  high  power  pumping  condition. 

Index  Terms — Photonic  crystal,  semiconductor  cavity. 

I.  Introduction 

PHOTONIC  crystal  laser  cavities  offer  a  great  deal  of 
freedom  to  engineer  the  properties  of  the  lasing  mode.  As 
part  of  the  effort  to  take  advantage  of  this  freedom,  we  believe 
that  it  is  valuable  to  demonstrate  the  ability  to  experimentally 
manipulate  the  localized  modes.  Instead  of  constructing  lo¬ 
calized  resonant  modes  from  the  photonic  crystal  band  edge 
modes  with  relatively  weak  perturbations  [1] — [5],  we  study 
the  possibility  of  selecting  a  candidate  mode  from  a  pool  of 
local  resonances  in  a  multimode  cavity  and  then  selectively  im¬ 
proving  the  modal  properties  through  modifying  the  multimode 
cavity  geometry.  Specifically,  we  show  that  a  laser  cavity  can  be 
modified  in  a  way  in  which  the  lasing  mode  is  nearly  unaffected 
while  the  nearby  modes  have  reduced  intensity.  By  introducing 
six  small  holes  at  the  nodes  of  a  high  quality  factor  mode  in  a 
triangular  lattice  D3  membrane  laser  cavity  [6],  [7],  we  were 
able  to  suppress  the  nearby  resonant  modes  within  ~50  nm  of 
the  lasing  mode  without  perturbing  the  lasing  mode  itself. 

II.  Analysis  and  Characterization 

The  photonic  crystal  defect  microcavities  were  fabricated  [8] 
on  an  metal-organic  chemical  vapor  deposition  grown  epitaxial 
structure  consisting  of  a  60-nm-thick  InP  layer  and  224  nm 
of  InGaAsP  layer  containing  four  compressively  strained 
InGaAsP  quantum  wells  designed  to  emit  at  1.5  //,m  at  room 
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temperature.  A  compound  dry  etching  mask  of  a  100-nm-thick 
SiN,.  and  a  45-nm-thick  Au  layer  was  deposited,  followed  by  a 
100-nm-thick  spin-coated  2%  diluted  polymethylmethacrylate 
as  an  electron  beam  resist.  After  the  electron  beam  lithography, 
170  s  of  Ar+  ion  beam  milling  transferred  the  pattern  into 
the  Au  layer.  The  pattern  was  further  transferred  to  the  SiN., 
layer  by  a  CF4  reactive  ion  etch.  The  photonic  crystal  cavity 
was  finally  formed  by  a  CH4-H2-Ar  electron  cyclotron  reso¬ 
nance  etch  followed  by  a  few  minutes  of  HC1:  H2O  (4:1)  wet 
etch  at  0  °C.  We  have  reported  previously  [6],  [7]  that  such 
a  suspended  membrane  D3  photonic  crystal  cavity,  formed 
by  removing  three  concentric  circles  of  air  holes  from  the 
triangular  photonic  crystal  lattice,  as  the  one  shown  in  Fig.  1(a) 
left,  supports  one  dominant  high  quality  factor  ( Q )  mode.  A 
three-dimensional  (3-D)  finite-difference  time-domain  (FDTD) 
simulation  of  the  structure  [7]  indicates  a  cold  cavity  Q  over 
10000  for  the  lasing  resonance.  The  calculation  also  indicates 
that  more  than  95%  of  the  in-plane  energy  density  overlaps 
with  the  gain  medium  and  the  rest  with  air  holes.  Because  of  the 
high  quality  and  in-plane  confinement  factors,  this  D3  cavity 
has  a  low  lasing  threshold.  Under  8-ns  pulsewidth,  1%  duty 
cycle,  room  temperature  optical  pumping  conditions,  incident 
threshold  pumping  power  as  low  as  0.5  mW  was  achieved 
with  this  cavity.  This  incident  power  level  corresponds  to  about 
0.15  mW  of  absorbed  pumping  power  at  threshold  considering 
the  finite  absorption  of  the  224-nm  InGaAsP  membrane  and 
the  reflection  at  the  interface  between  semiconductor  and  air. 
Additionally,  resonances  within  ~50  nm  of  this  lasing  mode 
have  quality  factors  that  are  lowered  by  nearly  an  order  of 
magnitude  than  that  of  the  lasing  mode.  Experimentally,  we 
observed  no  mode-hopping  above  threshold. 

The  top  of  Fig.  1(c)  also  shows  the  lasing  spectrum  of  one 
such  D%  laser,  when  it  was  optically  pumped  at  about  three  times 
threshold.  The  surface  emission  from  the  microcavity  is  col¬ 
lected  vertically  from  a  lens  system  with  a  numerical  aperture 
of  0.5  about  the  normal  out-of-plane  radiation  direction.  The 
calculated  resonant  frequencies  and  quality  factors  for  the  D3 
cavity  are  shown  in  Fig.  1  as  gray  bars.  The  calculated  resonance 
wavelengths  differ  slightly  by  25  nm,  or  2%  from  the  observed 
resonance,  using  averaged  dimensions  measured  from  scanning 
electron  microscope  (SEM)  images  of  the  cavities.  The  spectral 
shift  between  the  data  and  the  model  is  consistent  with  the  fab¬ 
ricated  structures  having  a  hole  radius  that  was  15  nm  smaller, 
on  average,  than  the  model.  Although  this  cavity  has  a  stable 
lasing  performance,  the  lower  Q  resonances  within  ~50  nm  of 
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Fig.  1.  SEM  images  showing  (a)  a  pair  of  suspended  membrane  photonic 
crystal  D3  cavities  before  (left)  and  after  (right)  the  modification  and  (b)  angle 
view  of  a  typical  suspended  membrane  photonic  crystal  D3  cavities,  (c)  The 
lasing  spectra  for  the  original  (top)  and  modified  (bottom)  D3  microcavities 
at  the  same  pumping  condition,  shown  in  black  curves,  and  the  calculated 
resonant  frequencies  and  quality  factors  as  gray  bars.  The  wavelength  axes  for 
the  measurement  curve  (bottom)  and  the  calculation  (top)  are  shifted  by  25  nm, 
or  2%,  to  account  for  the  frequency  difference  due  to  the  slight  dimension 
variation  for  the  cavity  fabricated  and  modeled. 


the  lasing  mode  still  lead  to  a  significant  amount  of  radiation.  Es¬ 
pecially  important  in  this  regard  is  a  doubly  degenerate  low-Q 
resonance  at  about  20  nm  to  the  blue  side  of  the  lasing  mode. 
This  mode  contributes  significantly  to  the  measured  spectrum 
because  its  small  far  field  radiation  angle  can  be  very  efficiently 
collected  by  the  lens  system  [7], 

We  examine  the  resonant  mode  distributions  to  determine  a 
strategy  for  improving  the  properties  of  this  laser  cavity.  The 
electric  and  magnetic  fields  of  the  nondegenerate  lasing  mode 
are  calculated  at  the  midplane  of  the  semiconductor  membrane. 
Due  to  the  mirror  symmetry  of  the  cavity  along  the  midplane 
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Fig.  2.  Intensities  of  (a)  the  single  vector  component  magnetic  field  Hz  and 
(b)  vector  electric  fields  Ex  and  Ey  for  the  nondegenerate  lasing  mode  of 
a  suspended  membrane  photonic  crystal  D3  cavity  before  modification,  in  a 
density  plot  and  vector  plot,  respectively,  (c)  The  magnetic  field  Hz  for  the 
lasing  mode  at  the  midplane  of  the  suspended  membrane  of  the  modified  D3 
cavity.  The  dashed  gray  circles  overlaid  on  both  figures  show  the  in-plane 
dielectric  distribution  of  the  microcavity.  The  six  smaller  holes  drawn  in  bold 
indicate  the  locations  for  modification,  which  corresponds  to  the  valleys  of  the 
optical  intensity  of  the  resonant  mode. 


of  the  membrane,  the  magnetic  field  at  the  symmetry  plane  is 
a  single  vector  component  Hz ,  where  z  is  the  epitaxial  growth 
direction.  Simultaneously,  the  electric  field  consists  of  in-plane 
Ex  and  Ey  components  only.  Fig.  2  shows  the  two-dimensional 
vector  electric  field  and  the  single  vector  component  magnetic 
field  at  the  mirror  plane  in  a  vector  plot  and  density  plot,  respec¬ 
tively.  There  are  six  valleys  of  the  intensity  contour  located  at 
roughly  1.2  times  the  lattice  constant  a  away  from  the  cavity 
center  for  both  electric  and  magnetic  fields.  We,  therefore,  con¬ 
sider  the  prospect  of  improving  sidemode  suppression  ratio  of 
the  lasing  mode  by  adding  six  air  holes  at  the  valleys.  The  re¬ 
sulting  change  of  the  permittivity  e{r)  perturbs  both  electric 
field  E  =  Eq  +  6E  and  magnetic  held  H  =  //q  +  6H  as 
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where  Eo(r)  and  Ho(r)  are  the  resonant  mode  for  the  original 
D%  cavity.  The  approach  to  modifying  only  the  nonlasing  modes 
suggested  by  (1)  and  (2)  is  simply  to  modify  the  cavity  at  the  in¬ 
tensity  minimums  of  the  lasing  mode.  However,  the  positions  of 
the  intensity  valleys  for  the  two  fields  are  slightly  displaced  by 
a  few  percent  of  a  lattice  constant.  In  designing  the  extra  six  air 
holes,  we  have  simply  centered  them  at  the  half-way  point  be¬ 
tween  the  electrical  and  the  magnetic  field  valleys  and  reduced 
their  normalized  radius  r/a  from  0.3  for  the  rest  of  the  pho¬ 
tonic  crystal  to  0.15.  This  simple  design  is  intended  to  serve  as 
a  proof  of  principle  demonstration  that  the  mode  structure  of  a 
multimoded  photonic  crystal  cavity  can  be  selectively  modified. 

Given  that  the  field  has  a  relatively  small  energy  distribu¬ 
tion  at  those  spatial  locations  where  additional  holes  were  intro¬ 
duced,  we  expect  this  modification  will  preserve  the  high  quality 
factor  and  the  mode  profile  of  the  lasing  mode.  On  the  other 
hand,  the  nearby  resonances  do  not  have  nodes  at  these  exact 
locations.  The  introduction  of  these  six  extra  air  holes  should 
either  increase  their  scattering  loss,  which  corresponds  to  the  re¬ 
duction  of  Q s,  or  at  the  very  least,  it  should  reduce  the  in-plane 
confinement  factors  relative  to  the  unmodified  geometry.  We, 
therefore,  expect  an  improvement  in  the  sidemode  suppression 
ratio. 

The  prediction  is  confirmed  by  the  3-D  FDTD  simulation  of 
the  modified  cavity.  The  bottom  plot  of  Fig.  1(c)  shows  the 
resonant  frequencies  and  the  quality  factors  of  the  modified  D:i 
cavity  as  gray  bars.  Compared  with  that  of  the  original  struc¬ 
ture,  the  lasing  mode  has  a  slightly  higher  frequency  due  to  a 
reduced  average  index.  It  also  experienced  a  small  change  in 
quality  factor  of  less  than  10%.  Fig.  2(c)  shows  the  magnetic 
field  component  Hz  for  the  lasing  mode  at  the  midplane  of 
the  modified  suspended  membrane  D%  cavity.  Compared  with 
Fig.  2(a),  the  fields  before  and  after  the  modification  are  almost 
identical  except  near  the  six  additional  holes.  It  is,  therefore,  ex¬ 
pected  that  the  lasing  performance  of  the  cavity  is  only  margin¬ 
ally  affected.  In  contrast,  the  quality  factors  for  the  neighboring 
resonant  modes  are  decreased  by  a  factor  of  3  to  12,  as  a  result  of 
six  additional  air  holes.  The  contrast  has  more  than  tripled  the 
ratio  of  the  Q s  between  the  lasing  mode  and  the  next  highest 
resonance  in  its  vicinity. 

As  a  next  step,  photonic  crystal  cavities  with  and  without  this 
modification  were  fabricated  experimentally.  Details  of  the  fab¬ 
rication  procedure  can  be  found  in  [6].  Fig.  1(a)  shows  an  SEM 
image  of  the  modified  D;>,  cavity  along  with  the  original  D.s  cav¬ 
ities  on  the  left.  To  minimize  any  difference  due  to  fabrication 
imperfections,  these  modified  and  original  ])■>,  cavities  were  fab¬ 
ricated  side  by  side. 

Both  cavities  were  tested  under  the  same  pulsed  pumping 
condition.  We  observed  less  than  a  10%  difference  in  the 
threshold  pumping  power  of  these  two  devices.  The  lasing 
wavelength  difference  is  6  nm,  or  less  than  5%.  This  observa¬ 


tion  is  consistent  with  our  previous  analysis,  which  suggests 
the  preservation  of  the  properties  of  the  lasing  mode  itself.  On 
the  other  hand,  the  lasing  spectrum  under  the  same  pumping 
condition,  i.e.,  three  times  the  threshold  power,  of  a  modified 
D.3  cavity  shows  a  sidemode  suppression  ratio  that  is  improved 
by  7-20  dB  compared  to  the  unmodified  cavity.  In  a  50-nm 
bandwidth  around  the  lasing  mode,  the  fraction  of  the  collected 
power  due  to  the  lasing  mode  increased  from  a  value  of  78% 
for  the  original  cavity  to  92%  for  the  modified  cavity.  Optical 
spectra  of  the  original  and  the  modified  D%  cavity  are  shown 
as  curves  in  Fig.  1(c)  top  and  bottom,  respectively.  Both  of  the 
spectra  are  plotted  in  the  same  logarithmic  scale  to  facilitate 
comparison.  In  addition,  most  of  the  resonances  on  the  blue 
side  of  the  laser  line  of  the  modified  cavity  show  a  significantly 
broader  line  width  as  a  result  of  predicted  lowering  of  the 
quality  factors  of  these  modes. 

III.  Summary 

We  have  demonstrated  the  ability  to  selectively  engineer  a 
particular  mode  in  a  multimode  photonic  crystal  microcavity 
laser  through  both  numerical  simulations  and  experimental 
characterization.  An  improved  sidemode  suppression  ratio 
for  the  lasing  mode  is  demonstrated  on  a  modified  suspended 
membrane  D3  photonic  crystal  cavity.  The  structure  is  formed 
by  adding  six  additional  reduced-size  air  holes  in  the  cavity 
defect  where  the  lasing  mode  has  a  small  energy  distribution. 
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